Abstract. Starch gel electrophoresis was used to assess the polymorphism of 7 isoenzymes in single mosquitoes (field-collected F0 or F1 generation) for Aedes albopictus (8 strains) from northern Madagascar. Mosquitoes of the F2 generation (3 strains of Aedes aegypti and 10 strains of Ae. albopictus) were tested for oral susceptibility to dengue type 2 virus. Aedes aegypti was less susceptible to viral infection than Ae. albopictus. The genetic differentiation was less high between Ae. albopictus populations collected in agglomerations connected by highly frequented roads, indicating that human ground transportation favors mosquito dispersal. These results have implications for the ecology, pattern of migration, and relative importance in epidemic transmission of dengue viruses between the 2 Aedes species.
INTRODUCTION
The island of Madagascar (area of 592,000 km 2 ), 480,000 km east of southern Africa, contains several different ecotopes. The east coast is subjected to frequent rain; annual precipitation may exceed 3,000 mm in some places, favoring persistence of rainforest. The west coast has a drier climate with high ambient temperatures throughout the year. Dry deciduous forests predominate in this area. Geographic isolation of Madagascar from mainland Africa has resulted in many groups of plants and animals being entirely absent from the island, and Ͼ 90% of the species are endemic. 1 There are 29 species of Aedes mosquitoes in Madagascar, including 13 endemic species. 2 Aedes aegypti L. and Ae. albopictus (Skuse) were described as allopatric species: Ae. aegypti is present mainly in the west coast area, whereas Ae. albopictus is found in the east coast area. However, sympatric zones have been identified in the north and along the limits of the distributions of the 2 species. 3 Aedes albopictus, first described in Madagascar by Ventrillon in 1904, 4 was probably introduced by the immigration of people from Indonesia during the 12th and 13th centuries. 5 This species is anthropophilic and rare in natural forests. It colonizes tree holes, cut bamboo, and artificial breeding sites such as tin cans, used tires, and flowerpots. Conversely, Ae. aegypti (the sylvatic form usually named formosus) is less anthropophilic and is mainly found in natural habitats such as holes in Mangifera indica trees. Aedes albopictus and Ae. aegypti have not been shown to be involved in a natural dengue virus cycle in Madagascar because dengue viruses have never been isolated on the island. However, Malagasy mosquito populations have been successfully infected experimentally (per os). 6 Dengue is one of the most important viral diseases transmitted to humans by arthropod vectors. Worldwide, there are an estimated 50-100 million cases of dengue fever (DF) and 250,000-500,000 cases of dengue hemorrhagic fever (DHF) per year. 7 Four serotypes of dengue virus, DEN 1, 2, 3, and 4, cause DF and DHF; these serotypes are commonly maintained in an urban transmission cycle by Ae. aegypti. In some regions, other mosquito species, particularly Ae. albopictus and Aedes polynesiensis Marks, are also involved in natural dengue transmission. Dengue epidemics have increased worldwide since World War II, and Southeast Asia has experienced large urban DHF epidemics.
In the last 30 years, the pattern of disease has changed, with an increase in the incidence of epidemic DHF in most tropical countries. Dengue epidemics have been reported in Madagascar's island neighbors, including Reunion, 8 Comores, 9 and the Seychelles, 10 and in East Africa countries including Mozambique, 11, 12 Kenya, 13 Somalia, 14 Djibouti, 15 and Sudan. 16 However, neither dengue nor yellow fever viruses have ever been isolated from Malagasy vectors. Denguelike epidemics have been reported since 1872 on the islands of the southwest Indian Ocean, 17 including Madagascar, 8, 18 but diagnosis has been purely clinical. In the 1950s, efforts to control mosquitoes with organochloride insecticides resulted in the successful reduction of dengue outbreaks. In 1977, Reunion experienced an epidemic of dengue, 19 which was probably introduced from the Seychelles. 10, 20 Aedes albopictus, which is much more anthropophilic than Ae. aegypti in this region, was implicated as the vector. Dengue outbreaks later reached Mauritius, 21 highlighting the role of humans in the dynamics of arbovirus transmission via air travel.
In recent years, Madagascar has experienced a dramatic increase in international air traffic, notably with eastern Africa and the islands of the Indian Ocean. Air travel is one of the factors involved in the worldwide resurgence of DF and the emergence of DHF. 22 The virus can be disseminated if a competent mosquito bites a viremic person traveling from an area in which dengue is endemic, then bites an uninfected person in a nonendemic area. Given the potential of Ae. albopictus and Ae. aegypti to transmit dengue viruses in Madagascar, it is important to estimate the competence of Malagasy mosquito populations as vectors for dengue viruses, as well as to analyze the mosquito dispersal rate (which indirectly determines virus dissemination) by analyzing population gene flow. Such information is a prerequisite for risk assessment and implementation of control programs. in northern Madagascar (Antsiranana district). The geographical locations of the populations sampled are indicated in Figure 1 and Table 1 . Samples were collected as larvae and pupae and reared to adult (F0 generation). The species of all F0 adults was determined morphologically. Adults were fed on 10% sucrose, and females were allowed to mate and then were blood-fed on mice to enable egg production. The F0 and F1 adults were stored at Ϫ80ЊC for genetic analysis. Oral infection experiments were performed with F2 females because there were too few F1 progeny for analysis. Mosquito rearing was conducted in an insectarium at 25 Ϯ 1ЊC, relative humidity of 80 Ϯ 10%, and a 16 hr : 8 hr photoperiod.
MATERIALS AND METHODS

Mosquito collections.
Oral infection of mosquitoes. Five-to 7-day-old starved F2 females were placed in 0.5-L screened containers and were allowed to feed for 20 min on an infectious blood meal that was maintained at 37ЊC in a glass feeder apparatus covered with chicken skin. Viral stocks and infectious meals were prepared as described by Vazeille-Falcoz and others. 23 The feeding suspension had a final titer of 10 8.2 MID 50 /mL (MID 50 , mosquito infectious dose that infects 50% of Ae. aegypti) of a dengue type 2 strain isolated in 1974 from human serum collected in Bangkok, Thailand. Engorged females were incubated for 14 days at 28ЊC and tested for dengue virus by an immunofluorescence assay that was based on head squash preparation. 24 The Ae. aegypti laboratory strain Paea (Tahiti, French Polynesia) was used as a positive control in each feeding experiment.
Electrophoresis and genetic analysis. Homogenates from individual adult mosquitoes were separated by starch gel electrophoresis in Tris-maleate-ethylenediaminetetraacetic acid, pH 7.4. 25 Seven enzyme systems were investigated: glutamate-oxaloacetate transaminases (Got1 and Got2, EC 2.6.1.1), glycerophosphate dehydrogenase (Gpd, EC 1.1.1.8), hexokinases (Hk, EC 2.7.1.1), malate dehydrogenase (Mdh, EC 1.1.1.37), malic enzyme (Me, EC 1.1.1.40), phosphoglucoisomerase (Pgi, EC 5.3.1.9), and phosphoglucomutase (Pgm, EC 2.7.5.1). A strain developed from an isofemale lineage of Ae. aegypti Paea was used as a migration control.
Departures from Hardy-Weinberg equilibrium were assessed by GENEPOP software (version 2.0) developed by Raymond and Rousset. 26 For each population, the global dis- 
RESULTS
Vector competence. Infection rates 14 days after exposure to dengue type 2 virus are presented in Table 2 . If possible, 2 replicates were carried out for each sample population. We compared the infection rates obtained with those for the corresponding control by Fisher's exact test. Significant differences were detected for all Ae. aegypti samples and for 15 of the 18 infection assays performed with Ae. albopictus. Infectivity rates for the Ae. aegypti samples from Madagascar were one half to one quarter those for the Ae. aegypti control. The differences were smaller when Ae. albopictus samples were compared with the Ae. aegypti control. Infection rates were not uniform for AL7, as shown by analysis of the replicates for each sample (P ϭ 0.029). Only the replicate with the largest number of individuals (replicate b for AL7) was considered for further analysis.
Of the 3 Ae. aegypti strains tested, 26% (AA1) to 54.5% (AA3) succeeded in blood feeding compared with 59.6% for the control strain. The infection rates for the 3 Ae. aegypti samples were not significantly different among them (P ϭ 0.58). Infection rates were 25% (AA2) to 40% (AA3) for field-collected Ae. aegypti compared with 94% for the Ae. aegypti strain used as a control in the same experiment.
The percentage of engorgement was higher for the Ae. aegypti control mosquitoes than for the 10 Ae. albopictus samples (60.1-94.3% for controls versus 28.2-65.0% for samples). Infection rates for all Ae. albopictus samples and replicates tested were not significantly different from each other (P Ͻ 0.05). For samples from Antsiranana (AL2, AL3, AL4, and AL5), infection rates were similar only between AL2 and AL3 (P ϭ 0.60) and between AL4 and AL5 (P ϭ 0.39). If samples from Joffreville (AL6, AL7, AL8, AL9, and AL10) were taken into account, infection rates were essentially uniform (P ϭ 0.10).
Genetic polymorphism. Polymorphisms were detected at all loci examined. For the hexokinase system, only 2 linked genes were detected for Ae. albopictus. Because Hk1, Hk2, and Hk3 displayed the same pattern of variation, only Hk1 was analyzed further. Analysis of the allelic distribution at the remaining 8 loci (Table 3) showed only 2 significant heterozygote deficits (P Ͻ 0.05) after taking into account Bonferroni multiple testing: AL3 at Got2 (F IS ϭ ϩ0.808) and AL5 at Got2 (F IS ϭ ϩ0.849). Analysis of genotypic associations between pairs of loci in each sample showed no linkage disequilibrium in 82 tests for Ae. albopictus.
Genetic differentiation was analyzed by estimating F ST . For Ae. albopictus samples (Table 4) , F ST was high (ϩ0.224) and significant (P Ͻ 0.05) overall and for samples within a particular location: F ST ϭ ϩ0.227 and ϩ0.095 for Antsiranana and Joffreville, respectively.
Genetic differentiation was further assessed by pooling the samples collected at each location. The F ST estimate between 29 ; P ϭ probability of homogeneity (Fisher's exact test); Nm ϭ Number of effective migrants estimated using Wright's F ST and Slatkin's private allele methods. the 3 localities was ϩ0.137, which was highly significant (P Ͻ 0.05). In comparisons of pooled samples from Antsiranana with the Anamakia sample and the Joffreville pooled samples, F ST was estimated at ϩ0.183 and ϩ0.119, respectively. Differentiation was caused by differences in allelic composition at the Mdh, Got2, Pgm, and Pgi loci for Antsiranana-Anamakia comparisons and at Got1, Got2, Pgm, and Pgi for Antsiranana-Joffreville comparisons. Genetic differentiation (F ST ϭ ϩ0.162) was significant (P Ͻ 0.05) between the Anamakia sample and the pooled Joffreville samples at all 5 polymorphic loci (Mdh, Got1, Got2, Pgm, and Pgi), demonstrating a higher level of differentiation than shown for the other 2 locality comparisons.
Gene flow (Nm) ( Table 4) , calculated from F ST estimates and by the private allele method, did not give similar results. The number of migrants estimated from F ST was low when considering all samples (Nm ϭ 0.9), samples from a particular location (Antsiranana, Nm ϭ 0.8; Joffreville, Nm ϭ 2.4) or between locations (1.1 Ͻ Nm Ͻ 1.9). These values were lower than those calculated by the private allele method (1.0 Ͻ Nm Ͻ 12.8). However, both methods showed that gene flow was lower between Antsiranana and Anamakia and between Anamakia and Joffreville (in both cases, Nm was close to 1: ϳ 1 effective migrant per generation) than between Antsiranana and Joffreville. Four private alleles were scored in Antsiranana and 2 in the Joffreville samples. This may account for the high Nm values estimated by the private allele method for the Antsiranana samples (Nm ϭ 9.7).
DISCUSSION
Aedes aegypti originated in Africa; the ancestral form, called Ae. aegypti formosus, adapted to the peridomestic environment of African villages before being exported to America by the slave trade and elsewhere by commercial transportation. 22 This mosquito species became closely associated with humans and transportation, notably boats and ships between the 17th and 19th centuries and airplanes in the 20th century. Today, Ae. aegypti is present throughout the tropics and is principally responsible for the dramatic increase in the incidence of dengue. This domestic form causes dengue outbreaks in Africa, particularly in West Africa (e.g., Senegal in 1990 32 ).
In the western part of Madagascar, Ae. aegypti originally fed on a variety of animals and bred in natural sites such as tree holes. The relatively low mosquito population density, limited flight range, and low anthropophily restrict its role in the dissemination of dengue viruses. 3 We found no significant difference in the vector competence of Malagasy Ae. aegypti populations. Our results reaffirm the minor role of Ae. aegypti in dengue virus transmission in Madagascar. In Joffreville, Ae. aegypti was associated with Ae. albopictus, although competition between these 2 species is generally considered favorable to Ae. aegypti. 33, 34 In Madagascar, the distribution of the 2 species seems to be mainly controlled by environmental factors such as annual rainfall, temperature, and altitude. 3 Aedes albopictus was originally an Asian forest mosquito and became almost as domesticated as Ae. aegypti. Aedes albopictus, like the dengue viruses, is presumed to have originated in Southeast Asia, 35 and its distribution has spread westwards and eastwards. Aedes albopictus survives at low temperature (Ͻ 0ЊC), which enables a wider geographic distribution than Ae. aegypti, including temperate regions such as China and Japan. Interestingly, Ae. albopictus was replaced in Southeast Asian cities by Ae. aegypti, 36 whereas the converse has occurred in the United States, where Ae. albopictus recently introduced by the used tire trade has gradually replaced Ae. aegypti.
37,38
Aedes albopictus is abundant along the east coast region of Madagascar and is anthropophilic. 2 It uses a wide variety of domestic and peridomestic breeding sites (e.g., tin cans, tires). We found that Ae. albopictus from Joffreville, a rural agglomeration 30-40 km southwest of Antsiranana, had uniform rates of infection with dengue 2 virus, whereas mosquitoes from the more urbanized agglomeration of Antsiranana had highly heterogeneous infection rates. Urban environments and high densities of human populations promote the differentiation of mosquito populations, resulting in different rates of infection with dengue viruses. 23, 39 Populations of Ae. albopictus from Anamakia were more highly differentiated than those from Joffreville.
Aedes albopictus is considered to be a nonactive migratory species, with a flight range of Ͻ 1 km. 40, 41 It is mostly dispersed by human transportation, particularly on the ground. 42, 43 The absence of direct communication-that is, roads-between Anamakia and Joffreville may account for the high level of genetic differentiation between mosquito populations from these 2 locations. Antsiranana is a major agglomeration, and substantial commercial traffic connects this third largest harbor of Madagascar to the neighboring villages. This may account for the higher level of genetic exchange observed between populations from Antsiranana and the other 2 surveyed locations, Anamakia and Joffreville. Our results indicate that Ae. albopictus uses human transportation (along roads) to disperse.
In conclusion, the rural form of Ae. aegypti is rare along the west coast area of Madagascar and therefore cannot be considered an important vector for dengue viruses in this area. In contrast, Ae. albopictus is more adapted to the urban environment, rapidly proliferates, and takes advantage of hu-man transportation, increasing contact between itself, humans, and viruses.
The domestic form of Ae. aegypti, which is more adapted to urban environments and human hosts (and is the major vector of dengue viruses worldwide), may eventually be introduced into Madagascar via international trade. Most of the international flights come from nearby islands in the Indian Ocean, including Réunion (26% of flights registered in an average week), Mauritius (15%), Comores (10%), and also from South Africa (7%) (Duchemin J-B, unpublished data).
Aedes albopictus may eventually move inland via ground transportation or domestic flights (41 national airports are listed in Madagascar). The dramatic increase in the incidence of dengue in tropical countries during the last several decades may be attributed to the increase in human travel and to uncontrolled population growth and urbanization, which tend to increase the density of domestic Aedes mosquito populations. The number of tropical countries that are still free of Ae. aegypti, Ae. albopictus, or both is rapidly decreasing. The problem of importation of mosquitoes (especially the domestic form of Ae. aegypti) and dengue virus from viremic travelers (a potential source of infection for local Ae. albopictus) into dengue-free zones such as Madagascar is a major concern that should receive serious attention.
